Recently the Cassini Ultraviolet Imaging Spectrograph (UVIS) has revealed the presence of N 2 Vegard-Kaplan (VK) band (A 3 Σ + u − X 1 Σ + g ) emissions in Titan's dayglow limb observation. We present model calculations for the production of various N 2 triplet states (viz., (2006). The calculated N 2 VK band intensity at the peak of limb intensity due to S2K and HEUVAC solar flux models is a factor of 1.2 and 0.9, respectively, of that obtained using SEE solar EUV flux. The effects of higher N 2 density and solar zenith angle on the emission intensity are also studied. The model predicted N 2 triplet band intensities during moderate (F10.7 = 150) and high (F10.7 = 240) solar activity conditions, using SEE solar EUV flux, are a factor of 2 and 2.8, respectively, higher than those during solar minimum (F10.7 = 68) condition.
Introduction
The Saturnian satellite Titan, the second biggest satellite in the solar system, is in many ways the closest analogue to Earth. Like Earth, Titan's atmosphere is dominated by N 2 . Hence, it is natural to expect that Titan's airglow will be dominated by emissions of N 2 and its dissociation product N. In addition to N 2 , Titan model for CY band emissions, Stevens (2001) showed that CY (0-0) should be weak and undetectable, while CY (0-1) should be prominent emission at 981 nm and the features at 950 nm are N I lines. Thus, there is no need to invoke magnetospheric electron impact excitation (Stevens, 2001) .
After Voyager UVS, Cassini Ultraviolet Imaging Spectrograph (UVIS) provided the next observation of Titan's airglow in the extreme ultraviolet (EUV, 56.1-118.2 nm) and far ultraviolet (FUV, .3 nm) wavelengths (Ajello et al., 2007 (Ajello et al., , 2008 . These disk observations of Titan on 13 Dec. 2004 showed the presence of N 2 LBH bands, atomic multiplets of NI and N + lines, and features at 156.1 and 165.7 nm reportedly from CI (Ajello et al., 2008 ) bands in the FUV spectrum (Stevens et al., 2011) . Also, no CI emissions are reported to be observed. Stevens et al. (2011) showed that model emissions in the 150-190 nm VK band are consistent with UVIS observations.
The N 2 VK bands are a common feature in N 2 atmospheres and have been studied extensively on Earth (e.g., Cartwright, 1978; Meier, 1991; Broadfoot et al., 1997) . The N 2 VK bands have been observed recently on Mars by SPICAM aboard Mars Express (Leblanc et al., 2006 Jain and Bhardwaj, 2011) . These emission can also be observed on Venus by SPICAV onboard Venus Express , but the bright sunlit limb causes a problem in resolving the dayglow emission from scattered light from clouds. This paper presents a detailed model calculation for the production of N 2 triplet band emissions on Titan, including the recently observed N 2 VK bands. The model includes interstate cascading and quenching, and uses the Analytical Yield Spectra approach for the calculation of electron impact excitation of triplet bands, and is similar to the model used for studying the N 2 triplet emissions on Mars and Venus . We also present the overhead emission intensities of triplet bands, which lie in ultraviolet, visible, and infrared wavelengths. The calculated limb profile of N 2 VK 150-190 nm emission is compared with the Cassini UVIS observation. Impact on the intensity of N 2 triplet emissions due to changes in the solar EUV flux model, solar activity, and Titan's N 2 density are discussed.
The N 2 triplet band emissions span a wide spectrum of electromagnetic radiation covering EUV-FUV-MUV, visible, and infrared Bhardwaj and Jain, 2011) . Major emissions in N 2 VK band lie in the wavelength range 200-400 nm, and a few significant emissions in the visible. N 2 triplet First Positive (B → A), Wu-Benesch (W → B), and B → B bands have prominent emissions in the infrared region. Thus, beside observations of Titan's dayglow by the Cassini UVIS in EUV and FUV region, the Cassini Visual and Infrared Mapping Spectrometer (VIMS), which has a wide spectral range 300-5100 nm (Brown et al., 2004) and Imagining Science Subsystem (ISS, 250-1100 nm) (Porco et al., 2004) , might be able to detect some of the bright emissions of N 2 triplet bands in the MUV, visible, and infrared wavelengths predicted by our model. The model calculations presented in the paper would also be useful for any N 2 -containing planetary atmospheres.
Model Input
The N 2 density profile in our model is based on the observation made by Huygens Atmospheric Structure Instrument (HASI) on-board Huygens probe (Fulchignoni et al., 2005) . Following the approach of Stevens et al. (2011) , the density of N 2 is reduced by a factor of 3.1 to bring the HASI N 2 density at 950 km to the level of measured density by Ion and Neutral Mass Spectrometer (INMS) (De La Haye et al., 2007) aboard the Cassini spacecraft. Since reduction in N 2 density affects the altitude of peak production of N 2 triplet bands, the effect of higher N 2 density on emission intensities is discussed in the Section 4.3. Density of CH 4 in our model is based on the UVIS stellar occultation experiment reported by Shemansky et al. (2005) .
Photoabsorption and photoionization cross sections of N 2 and CH 4 are taken from photo-cross sections and rate coefficients database (http://amop.space. swri.edu) (Huebner et al., 1992) . The branching ratios for excited states of N + 2 and CH + 4 are taken from Avakyan et al. (1998) . Franck-Condon factors and transition probabilities required for calculating the intensity of a specific band ν − ν of N 2 are taken from Gilmore et al. (1992) . Inelastic cross sections for the electron impact on N 2 are taken from Jackman et al. (1977) , except for the triplet states, which are taken from Itikawa (2006) , and fitted analytically for ease of usage in the model (Jackman et al., 1977; Jain, 2009, 2011; Jain and Bhardwaj, 2011) . The fitted parameters are given in Jain and Bhardwaj (2011) .
The solar EUV flux is a crucial input required in modelling the upper atmospheric dayglow emissions. The solar EUV flux directly controls the photoelectron production rate, and hence the intensity of emission in the planetary atmosphere that is produced by electron impact excitation, like N 2 triplet band emissions, since all transitions between the triplet states of N 2 and the ground state are spin forbidden. We have used the solar irradiance measured at Earth (between 2.5 to 120.5 nm) by Solar EUV Experiment (SEE, Version 10.2) (Woods et al., 2005; Lean et al., 2011) on 23 June 2009 (F10.7 = 68) at 1 nm spectral resolution. The solar flux has been scaled to the Sun-Titan distance (9.57 AU) to account for the weaker flux on Titan. To evaluate the impact of solar EUV flux model on emission intensities we have also used solar EUV flux from SOLAR2000 (S2K) v.2.36 model of Tobiska (2004) and HEUVAC solar EUV flux model of Richards et al. (2006) for the same day. All calculations are made at solar zenith angle of 60
• unless otherwise mentioned in the text. at shorter wavelengths would result in larger number of higher energy photoelectrons; hence, volume production rates calculated using S2K solar EUV flux is expected to be higher than that obtained using SEE solar EUV flux (see Section 4.1). Figure 1 Stevens et al. (2011) . Since the HEUVAC model provides solar flux up to 105 nm only, the flux in the 105-120.5 nm range is assumed the same as that in the SEE model. Since the solar flux at higher (> 105 nm) wavelengths does not contribute to the photoelectron production, the inclusion of SEE solar flux in the HEUVAC model at wavelengths higher than 105 nm would not affect our calculation results. At wavelength above 30 nm HEUVAC solar fluxes are smaller than those of SEE model, but at shorter (< 30 nm) wavelengths HEUVAC fluxes are higher than SEE model fluxes. At a few shorter (< 15 nm) wavelengths HEUVAC solar fluxes are as high as a factor of 4 compared to SEE solar flux. The photoelectrons produced due to larger solar fluxes at shorter wavelengths in HEUVAC model would result in larger number of higher energy photoelectrons that can go deeper in the atmosphere, hence a significant lowering of the peak of volume production rate is expected when the HEUVAC solar EUV flux is used (see following section).
Results and discussion

Photoelectron Flux
To calculate the photoelectron flux we have adopted the Analytical Yield Spectra (AYS) technique (cf. Singhal and Haider, 1984; Bhardwaj et al., , 1996 Singhal and Bhardwaj, 1991; Bhardwaj, 1999 Bhardwaj, , 2003 Bhardwaj and Michael, 1999a,b) . The AYS is the analytical representation of numerical yield spectra obtained using the Monte Carlo model (cf. Singhal et al., 1980; Singhal and Bhardwaj, 1991; Bhardwaj and Michael, 1999a,b; Bhardwaj and Jain, 2009) . Using AYS the photoelectron flux has been calculated as (e.g., Singhal and Haider, 1984; Bhardwaj and Michael, 1999b) 
where σ lT (E) is the total inelastic cross section for the lth gas, at energy E, n l (Z) is its density at altitude Z, W kl is the threshold of kth excited state of gas l, and U(E, E 0 ) is the two-dimensional AYS, which embodies the non-spatial information of electron degradation process. It represents the equilibrium number of electrons per unit energy at an energy E resulting from the local energy degradation of an incident electron of energy E 0 . For the N 2 gas it is given as (Singhal et al., 1980 )
Here C 0 , C 1 , K, M, and L are the fitted parameters which are independent of the energy, and whose values are given by Singhal et al. (1980) . The term Q(Z, E) in equation (1) is the primary photoelectron production rate (cf. Michael and Bhardwaj, 1997; Bhardwaj, 2003; Jain and Bhardwaj, 2011) . Figure 2 shows the calculated energy spectrum for photoelectron production at 900 and 1100 km on 23 June 2009 at SZA=60
• using SEE solar EUV flux. Prominent peaks around 24-26 eV are due to the ionization of N 2 in different excited states by the solar He II Lyman-α line at 303.78 Å. Photoelectron energy spectrum below 25 eV at altitude of 900 km is smaller than that at 1100 km, since electrons below 25 eV mainly produced by solar EUV photons > 30 nm which are attenuated at higher altitudes (> 900 km). Higher energy photons can still penetrate deeper in the atmosphere and attain unit optical depth at lower altitudes (< 1100 km). That is why photoelectron production spectrum at higher energies (> 50 eV) is higher at 900 km compared to electron spectrum at 1100 km.
During the degradation of photoelectrons in the atmosphere of Titan we have not considered CH 4 since N 2 is the dominant species. Contribution of CH 4 , which is having a mixing ratio of ∼3% near 1000 km, to the photoelectron flux is less than 10% (Stevens et al., 2011) . The effect of omitting the CH 4 contribution in the photoelectron production rate is less than 5% in our calculation. Stevens et al. (2011) also have stated that neglecting the CH 4 contribution in the calculation of photoelectron production rate results in only less than 5% enhancement in the EUV and FUV volume production rates for the UVIS observation conditions. • . Around 6 eV, photoelectron flux is maximum with a value of few 10 8 cm −2 s −1 eV −1 . Due to the degradation of electrons in the atmosphere, the photoelectron flux is smoother compared to the photoelectron production energy spectrum (cf . Fig. 2) ; still prominent peak can be seen in the flux, e.g., peak at 24 eV is present in the photoelectron flux. Photoelectron fluxes calculated by using S2K and HEUVAC solar EUV fluxes are also shown in Figure 3 . As discussed in Section 2, due to higher solar EUV flux in the S2K model, the photoionization yield is slightly higher compared to that in the SEE model, which is responsible for the higher photoelectron flux when S2K model is used. Whereas at energies below 60 eV, photoelectron flux calculated using HEUVAC model is lower than that calculated using SEE solar EUV flux, but at higher energies (>60 eV) photoelectron flux calculated using HEUVAC model is higher than that calculated using both SEE and S2K models. Higher photoelectron flux at higher energies (>60 eV ) for HEUVAC model is due to the higher solar EUV flux at shorter wavelengths (cf. Figure 1) . Figure 3 (bottom panel) shows the steady state photoelectron fluxes at three different altitudes along with the calculated photoelectron fluxes of Stevens et al. (2011) . At and below 6 eV, our calculated photoelectron flux is higher than that of Stevens et al. (2011) . This is due to the lack of electron-electron collision loss consideration in our model, which is an important electron energy loss process below 10 eV Bhardwaj and Raghuram, 2011) . Between 6 and 15 eV, calculated photoelectron fluxes of Stevens et al. (2011) are higher than our calculated values at all altitudes. At 1100 km, our calculated photoelectron flux between 15 and 25 eV is higher than that of Stevens et al. (2011) . This difference in the photoelectron flux between two model calculations may be due to the slightly different treatment of the altitude dependence of electron degradation in both models. In our model, the AYS approach used for the calculation of photoelectron flux is based on the Monte Carlo model (cf. Singhal et al., 1980; Singhal and Bhardwaj, 1991; Bhardwaj and Singhal, 1993; Bhardwaj and Michael, 1999a,b; Bhardwaj and Jain, 2009) , while in the AURIC model (Strickland et al., 1999) it is based on the solution of Boltzmann equation. Above 25 eV, the photoelectron flux calculated by Stevens et al. (2011) is consistent with our model values. The peak structures in our calculated photoelectron flux are slightly different than the photoelectron flux of Stevens et al. (2011) . This difference is due to the different branching ratios used in both models. In our model, stable branching ratios taken from Avakyan et al. (1998) are used, whereas in AURIC model branching ratios are wavelength dependent.
To compare the calculated photoelectron flux with Cassini observations we have run our model taking the HASI N 2 density and SEE solar EUV flux on 5 January 2008 (F10.7 = 79.7) at SZA=37
• . Figure 4 shows the model calculated photoelectron flux at 1100 km along with the photoelectron flux observed by the CAPS instrument (energy resolution ∆E/E = 16.7%) on-board Cassini taken from Lavvas et al. (2011) . Model calculated photoelectron flux agrees well with the observed flux between 7 and ∼20 eV. Above 20 eV model predicted photoelectron flux is slightly higher than the observation. At higher energies (>60 eV) the calculated photoelectron flux starts decreasing sharply compared to the observed flux. Lavvas et al. have also observed similar differences in their calculated and the observed photoelectron flux at energies > 60 eV, which they attributed to the instrument artifact (Lavvas et al., 2011; Arridge et al., 2009 ).
Volume Emission rates
Using the photoelectron flux φ(Z, E) obtained in equation (1), the volume excitation rate for N 2 emissions is calculated as
where n(Z) is the density of N 2 at altitude Z and σ i (E) is the electron impact cross section for the ith state at energy E, for which the threshold is E th . Volume Production Rate (cm -3 s -1 ) shows the volume excitation rates for N 2 triplet states (A, B, C, W, B , and E) by photoelectron impact excitation. The production rates for all the states peak around 1025 km, which is ∼ 25 km higher than the calculated peak altitude of ∼1000 km of Stevens et al. (2011) . This difference in height of peak production might due to the different treatment of altitude dependence of photoelectrons in the two models. The N 2 triplet E, C, W, and B states populate the B state, which in turn radiate to the state A (First Positive band). Further the interstate cascading
and B 3 Π g W 3 ∆ u are also important in populating the B level (Cartwright et al., 1971; Cartwright, 1978; Jain and Bhardwaj, 2011; Bhardwaj and Jain, 2011) . To calculate the total population of different vibrational levels of state A, we solve the equations for statistical equilibrium based on the formulation of Cartwright (1978) . Contributions of cascading from higher triplet states and interstate cascading and quenching by atmosphere constituents are included in the calculation. At a specified altitude, for a vibrational level ν of a state α, the population is determined using the statistical equilibrium equation
where, V α is electron impact volume excitation rate (cm −3 s −1 ) of state α; q 0ν is Franck-Condon factor for the excitation from ground level to ν level of state α; A βα sν is transition probability (s −1 ) from state β(s) to α(ν); K α qν is total electronic quenching frequency (s −1 ) of level ν of state α by all the gases defined as: Vibrational Levels K α q(l)ν is the quenching rate coefficient of level ν of state α by the gas l of density n l ; A αγ νr is transition from level ν of state α to vibrational level r of state γ; n is density (cm −3 ); α, β, and γ are electronic states; and s and r are source and sink vibrational levels, respectively.
While calculating the cascading from C state, we have accounted for predissociation. The C state predissociates approximately half the time (this is an average value for all vibrational levels of the C state; excluding ν = 0, 1, which do not predissociate at all) (cf. Daniell and Strickland, 1986) . In Earth's airglow the N 2 (A) levels get effectively quenched by atomic oxygen and the abundance of O increases with increase in altitude. Titan atmosphere is N 2 dominated with small amount of CH 4 . The quenching rates for different vibrational levels of N 2 triplet states by N 2 are adopted from Morrill and Benesch (1996) and by CH 4 is taken from Clark and Setser (1980) . Figure 6 shows the population of different vibrational levels of triplet states of N 2 relative to the ground state at 1100 km. We found that the effect of quenching is negligible on the vibrational population. Stevens et al. (2011) have taken the vibrational population of VK band up to 10 vibrational levels and the population of vibrational level 11 is taken as 44% of that for ν = 10. In our model, the vibrational population is considered up to ν = 20 levels. Our calculated population for ν = 11 level is ∼40% of the ν = 10 level.
After calculating the steady state density of different vibrational levels of excited triplet states of N 2 , the volume emission rate V be obtained using
where n α ν is the density of vibrational level ν of state α, and A αβ ν ν is the transition probability (s −1 ) for the transition from the ν level of state α to the ν level of state β. Figure 7 shows the volume emission rates for the VK band. The N 2 VK band span wavelength range from FUV to visible, and some transitions even emit at wavelength more than 1000 nm. Figure 7 also shows the emission rates of VK bands in FUV and visible wavelengths. Volume emission rates for VK bands in the wavelength range 400-800, 300-400, 200-300, and 150-200 nm are 22%, 38%, 35%, and 4.5% of the total VK band emission rate. Contribution of VK band emissions in the 130-150 nm wavelength range is very small (0.02%). In the visible and near infrared range (400-800 nm), the main contribution comes from the emissions between 400 and 500 nm, which comprises around 73% of the VK visible emission band. Our calculated total VK band volume emission rate is in good agreement with that of Stevens et al. (2011) . Figure 8 shows the prominent VK band transition in ultraviolet region. VK (0, 5), (0, 6), and (0, 7) bands (between 200-300 nm) have been observed on Mars by SPICAM/Mars Express (Leblanc et al., 2006 . In the 150-200 nm region, VK (5, 0), (6, 0), (7, 0), (8, 0) , and (9, 0) bands are reported for the first time in the dayglow of Titan (Stevens et al., 2011) . The production rates in these two wavelength band regions, 150-200 and 200-300 nm, differ by about an order of magnitude but the altitude of peak production (1025 km) remains the same for all the VK band emissions (Figure 7) . The volume emission rates are vertically-integrated to calculate the overhead intensities. Table 1 shows the total overhead intensity for Vegard-Kaplan (A → X), First positive (B → A), Second Positive (C → B), Herman-Kaplan (E → A), E → B, Reverse First Positive (A → B), and E → C triplet bands of N 2 at SZA=60
• . Since the VK band spans a wide range of electromagnetic spectrum, from FUV to visible wavelengths, we also present in Table 1 the overhead intensities in different wavelength regions of VK bands. Emissions in the 300-400 nm constitute a major fraction of the total VK band emission followed closely by emissions in the 200-300 nm band, with contributions of around 38% and 35%, respectively. The 150-200 nm emission band contributes around 4.5% to the total VK band intensity. Contribution of visible wavelength region (400-800 nm) is also significant (22%) in the total VK band intensity, in which wavelength region 400-500 nm contributes ∼16% of the total VK band intensity or 73% of total visible band emission. Table 2 shows the overhead intensity for all the vibrational levels of N 2 VK bands calculated using SEE solar EUV flux on 23 June 2009 at SZA = 60
• . The VK (0, 6) emission (at 276.2 nm) is the strongest emission in the VK band system having an overhead intensity of ∼7 R, which is around 5% of the total VK band intensity and comprises around 15% of VK band emissions in the 200-300 nm range. The VK (0, 6) band has been observed on Mars Jain and Bhardwaj, 2011) . In the dayglow spectrum of Titan VK (7, 0) transition is the strongest emission observed by Cassini UVIS. For the VK (7, 0) band the model calculated overhead intensity is 1.1 R, which is 0.8% of the total VK band intensity.
The calculated overhead intensities of N 2 First Positive (1P) transitions are presented in Table 3 . Prominent transitions in this band lies above 600 nm. The 1P (1, 0) emission at 888.3 nm is the brightest followed by (0, 0) emission at 1046.9 nm, which contribute around 13% and 9%, respectively, to the total 1P emission. Emissions between 600 and 800 nm wavelength consist of about 50% of the total 1P band system. The calculated overhead intensities of Second Positive (2P) band transitions are presented in Table 4 . Major portion of 2P band emission lies in wavelengths between 300 and 400 nm, which is more than 90% of the total 2P band overhead intensity. Prominent emissions in the 2P band system are (0, 0), (0, 1), (0, 2), and (1, 0) transitions, having overhead intensities of around 6.5, 4.5, 1.8, and 1.7 R, thus contributing around 34, 24, 9, and 9%, respectively, to the total 2P emission. Tables 5 and 6 show the calculated overhead intensities of Wu-Benesch (W → B) and B → B band emissions, respectively. Most of the emissions in W → B band are in infrared region with a little or negligible contribution from emissions below 800 nm. Similar is the case in B → B band system. Table 7 shows the calculated overhead intensities of Herman-Kaplan (E → A), E → B, and E → C bands of N 2 , and Table 8 shows the overhead intensities of Reverse First Positive (R1P) band emissions. Prominent emissions in the R1P band system are in infrared region, with (9, 0) emission being the strongest having the overhead intensity of 1.9 R, which is around 9% of the total R1P emission. Stevens et al. (2011) suggested that N 2 VK (8, 0) emission near 165.4 nm and (11, 0) band near 156.3 nm could have been misidentified as CI 165.7 and 156.1 nm emissions by Ajello et al. (2008) . Also, the VK (10, 0) band could be the emission near 159.2 nm, which is reported as mystery feature by Ajello et al. (2008) . We calculated the overhead intensities of CI 165.7 and 156.1 nm emissions due to electron impact dissociative excitation of CH 4 by using the emission cross sections from Shirai et al. (2002) . The model calculated overhead intensities of CI 156.1 and 165.7 nm emissions are 1.6 × 10 −3 and 3.7 × 10 −3 R, respectively, which are about 2 orders of magnitude lower than the VK (8, 0) and VK (11, 0) bands intensities (see Table 2 ). We also estimated the solar scattered intensities for CI 165.7 and 156.1 nm using the density of atomic carbon from the model of Krasnopolsky (2010) and g-factor values of 7.21 × 10 −6 and 2 × 10 −5 sec −1 , respectively, at 1 AU. The overhead intensities of CI 156.1 and 165.7 nm due to solar fluorescence are an order of magnitude lower (1.98×10 −4 and 5.5×10 −4 R, respectively) than that due to photoelectron excitation. The difference of 2 to 3 orders of magnitude between intensities of (8, 0) and (11, 0) VK bands and CI line emissions suggest that bands near 156.1 and 165.4 nm might have been misidentified by Ajello et al. (2008) , as reported by Stevens et al. (2011) .
The calculated band emission rate is integrated along the line of sight at a projected distance from the centre of Titan to obtain limb profile. Figure 9 shows the calculated limb intensities of the prominent VK band emissions in ultraviolet region. Limb intensities of VK bands in different wavelength regions are also shown in Figure 9 . The altitude of maximum limb intensity is around 950 km for all the transitions, slightly higher than the calculated N 2 VK peak of Stevens et al. (2011) of ∼928 km. Figure 10 shows the limb intensity of total VK band, which peaks at ∼950 km, with a value of around 1.1 kR. Limb intensities calculated at different solar zenith angle are also shown in Figure 10 . The main effect of SZA is on the altitude of peak limb intensity and intensity at the peak; lower the value of SZA, the deeper the peak of the limb profile with higher intensity, which is due to the penetration of solar EUV at lower altitudes in the atmosphere. For SZA = 0
• , the calculated peak limb intensity is 2.2 kR at an altitude of 892 km, whereas at SZA = 80
• , the peak limb intensity is 0.4 kR at an altitude of 1050 km. Above 1200 km the effect of solar zenith angle is not seen in the limb intensities.
As mentioned earlier, N 2 VK bands were observed for the first time in the dayglow of Titan by Cassini UVIS in the 150-190 nm wavelength band (Stevens et al., 2011) . For comparing our calculated limb profiles with UVIS observation we have run our model at the solar zenith angle of 56
• . Stevens et al. (2011) in their calculation assumed that VK bands in the 150-190 nm range corresponds to 5% of total VK band emission. Figure 11 shows the calculated limb intensity of VK bands in the 150-190 nm region by taking 5% of the total VK band intensity, and also by adding the individual bands which lie in the 150-190 nm wavelength region. The calculated limb intensity of Stevens et al. (2011) is also shown in Figure 11 along with the Cassini-observed limb intensity of VK band in 150-190 nm region taken from Stevens et al. (2011) . We found that VK band emission in the wavelength region 150-190 nm corresponds to 4.5% of the total VK band intensity (see Table 1 ). Our calculated limb intensity is in good agreement with the UVIS observation. The calculated altitude of peak VK emission also agrees well with the observation within the observational uncertainty of 15% (Stevens et al., 2011) . Our calculated limb intensities are slightly higher (∼10%) than those calculated by Stevens et al. (2011) . Altitude of emission peak is in good agreement in both calculations and is consistent with that of the observed emission peak. Overall good agreement between calculated and observed emission shows that the VK band intensity can be explained by taking the photoelectron impact excitation source alone.
Effect of various model input parameters
Effect of solar EUV flux model
To access the effect of solar EUV flux on the calculated limb intensity we use the solar EUV flux on 23 June 2009 from SOLAR2000 (S2K) v.2.36 model of Tobiska (2004) and HEUVAC model of Richards et al. (2006) . As discussed in Section 2, the solar flux at wavelengths below 60 nm is higher in the S2K model (cf. Figure 1) . The effect of higher flux at shorter wavelengths is clearly seen in the photoelectron flux calculations, where the flux calculated using S2K model is higher than that calculated using SEE solar EUV flux (cf. Figure 3) . While the HEUVAC solar flux is smaller than the SEE solar flux at wavelengths higher than 15 nm, at wavelengths below 15 nm the HEUVAC solar flux is higher than SEE flux. Higher EUV fluxes at shorter wavelength would cause higher photoelectron flux at higher energies (>60 eV) (see Figure. 3 ).
Volume emission rates of total VK band calculated using S2K and HEUVAC solar flux models are shown in Figure 7 . The emission rate calculated using S2K model is ∼23% higher than that calculated using SEE solar EUV flux. At the emission peak and above, volume emission rate calculated using HEUVAC model is around 14% smaller than that calculated using SEE solar flux. However, below the emission peak, the vol-ume emission rate calculated using HEUVAC model becomes higher than that calculated using SEE model due to the larger photoelectron fluxes at higher energies (cf. Figure 3) . At the lower peak, volume emission rate calculated using HEUVAC model is around 2.5 times higher than that calculated using SEE solar EUV flux. Figures 10 and 11 show the limb intensity of VK band calculated using S2K and HEUVAC solar flux models. Limb intensities calculated using S2K solar EUV flux model are slightly higher than the observed values whereas intensities calculated using SEE and HEUVAC solar fluxes and model predicted intensity of Stevens et al. (2011) are lower than the observed values; but all model calculations are in good agreement with the observation within the observation and model uncertainties. The height of peak emission rate ( Figure 7 ) and altitude of peak limb intensity (Figures 10 and 11 ) are unaffected by change in input solar EUV flux model.
By changing the solar EUV flux in model, maximum variation at peak intensity is around 40%. Since uncertainty in various solar EUV flux itself varies differently for different solar EUV flux, e.g., for SEE observations uncertainty is around 10-20% (Woods et al., 2005), uncertainty in HEUVAC model depend on the uncertainties in the F74113 reference spectrum and it could be 15-30% (Richards et al., 2006) . Hence, based on the calculations carried out in the present paper, it is difficult to suggest a preferred solar flux model. However, since HEUVAC and S2K depend on various proxies, while SEE solar EUV flux is based on actual observation and is available online (http://lasp.colorado. edu/see/l3_data_page.html) it is preferable to use SEE solar EUV flux.
Effect of solar cycle
The N 2 VK band emissions reported by Stevens et al. (2011) • . Model atmosphere remains the same for the solar maximum calculation. Figure 7 shows the volume emission rate of total N 2 VK band for solar maximum condition. At the altitude where emission rate peaks, the calculated emission rate for solar maximum condition is a factor of ∼2.8 higher than that for solar minimum condition. Altitude of peak emission rate remains the same for both low and high solar activity condition since the model atmosphere is same. Overhead intensities of individual transition in various triplet states are also a factor of 2.8 to 2.9 higher for the solar maximum condition (cf. Table 1 ). Similar increase of around factor of 2.8 can be seen in limb intensity of total N 2 VK band for solar maximum condition (see Figure 9 ). We have also run our model for the moderate solar activity condition using the SEE solar EUV flux for 20 June 2002 (F10.7 = 150) at SZA = 60
• . Model atmosphere remains the same. Table 1 shows the calculated overhead intensities of various triplet states during the moderate solar activity condition, which are a factor of 2 higher than those calculated during solar minimum condition.
Effect of model atmosphere
Huygens Atmospheric Structure Instrument (HASI) measured the density profile of N 2 in Titan's atmosphere (Fulchignoni et al., 2005) . In our calculations we have used the density profile of N 2 observed by HASI, but reduced by a factor of 3.1 to be consistent with N 2 densities measured by Ion and Neutral Mass Spectrometer (INMS) (De La Haye et al., 2007) at 950 km. This reduction is also required for the better agreement in the UVIS-observed and calculated emission peak altitudes. To see the effect of higher N 2 density on emission intensities, we have run our model using the original unscaled HASI N 2 density profile keeping the other model input parameters same. Figure 10 shows the limb profile of N 2 VK band calculated using HASI N 2 density. The altitude of the peak emission is situated at 1052 km with a value of ∼1.12 kR when HASI N 2 density profile is used. Thus, the calculated altitude of peak emission is around 100 km higher than that calculated by using reduced (by a factor of 3.1) N 2 density, but the intensity of emission at the peak remains the same (1.11 kR).
Summary
A model for the production of N 2 triplet band emissions in the dayglow of Titan is developed. We have used the Analytical Yield Spectra technique to calculate the steady state photoelectron flux, which is compared with the Cassini CAPS observed photoelectron flux. The calculated photoelectron flux is in good agreement with the observed spectrum in the 6-60 eV energy range. Volume production rates of various triplet states of N 2 have been calculated. Population of any given level of triplet states has been calculated considering direct electron impact excitation and quenching as well as cascading from higher triplet states in statistical equilibrium condition. Volume emission rates are calculated and vertically-integrated to calculate the overhead intensities of Vegard-Kaplan in various wavelength regions, viz., 130-150, 150-200, 200-300, 300-400 , and 400-800 nm, which are given in Table 1 . In addition, the vertical-integrated intensities of First Positive, Second Positive, Wu-Benesch, B → B, E → C, E → B, E → A, and Reverse First Positive bands of N 2 , are also calculated and presented in Table 1 along with their contributions in different wavelength regions. Vertically-integrated overhead intensities of various vibrational transitions in triplet states are presented in Tables 2 to 8.
The calculated volume emission rates are integrated along the line of sight to calculate the limb intensity of total VK band. Limb profiles of various prominent transitions of VK band are also calculated and presented in Figure 9 . The VK band in the wavelength region 200-400 nm contribute around 73% of the total VK band intensity, followed by the VK band in visible region (400-800 nm) which contributes around 22%. The calculated limb intensity profile of VK 150-190 nm band is in good agreement with the recent Cassini UVISobserved profile. We found that the observed intensity of VK bands can be explained by the photoelectron impact excitation alone (Stevens et al., 2011) . The effect of change in solar zenith angle is seen in the altitude of peak emission as well as intensity at the emission peak. Variation in the SZA from 0
• to 80
• resulted in ∼18% upward shift in the altitude of emission peak, while the limb intensity at the peak decreased by a factor of 5.5. Our calculation suggests that intensity of CI 156.1 and 165.7 nm emissions due to photoelectron impact dissociative excitation of CH 4 and fluorescence scattering of solar lines by carbon in Titan's atmosphere are a few orders of magnitude smaller than the N 2 VK bands 11-0 (156.3 nm) and 8-0 (165.4 nm) emission intensities, respectively.
We have also made a detailed study on the effect of solar EUV flux models on the N 2 triplet band emission intensities which is a step further to the calculations of Stevens et al. (2011) . Emission intensities calculated by using the S2K model are around 23% higher than that calculated using the SEE solar flux. The limb intensity at peak calculated using the HEUVAC model is around 13% smaller than that calculated using SEE solar flux. The calculated intensities for moderate (F10.7 = 150) and high (F10.7 = 240) solar activity conditions are about a factor of 2 and 2.8, respectively, higher than those calculated during solar minimum (F10.7 = 68) condition. Calculations are also carried out taking the HASI-observed N 2 density in the model atmosphere. Due to higher N 2 density in the HASI observation by a factor of 3.1, the altitude of peak emission shifted upwards by 100 km; however, the intensity at the peak remains the same.
The calculations presented in this paper will help in understanding the production of N 2 VK and other triplet band dayglow emissions on Titan as well as in other N 2 -containing planetary atmospheres. ν \ ν 0 1 2 3 4 5 6 7 8 9 ν \ ν
